of common viral and bacterial diseases (Montoya and liesenfeld 2004) .
Within weeks or months, acute infection turns into latent toxoplasmosis characterized by the life-long presence of the dormant cysts in the muscular and neural tissues and anamnestic concentrations of anti-Toxoplasma antibodies in immunocompetent subjects (Remington and Krahenbuhl 1982, lyons et al. 2002) . Although chronic toxoplasmosis is considered asymptomatic (Markell et al. 1999) , its neurotropic nature makes T. gondii infection a potential cause of changes in the functioning of the brain.
According to studies, T. gondii parasites have the ability to diminish learning capacity (Witting 1979) and alter behaviour in infected rodents (Hay et al. 1983 , skallová et al. 2006 , Hermes et al. 2008 , Kannan et al. 2010 , especially elimination of the aversion to odour of cat urine (Vyas et al. 2007 , Kannan et al. 2010 ). The parasite benefits from these changes through enhanced transmission rate. intermediate hosts (e.g. rats) (Webster et al. 1994) . the mechanisms of such behavioural changes remain unknown. However, some mechanisms by which T. gondii affects the brain have been studied and can be related to immunological reaction towards the dormant cysts (Hermes et al. 2008) and to some changes in dopaminergic transmission (stibbs 1985, skallová et al. 2006) . As latent toxoplasmosis is highly prevalent within many populations, possible influence on human behaviour and cognitive functions could have significant clinical implications. There are studies showing that latent T. gondii infection affects the human brain. It was noticed that the infected children had on average a lower IQ than the controls (Alford et al. 1974) and that subclinical chronic toxoplasmosis is an important component in the aetiology of mental retardation in school children (caiaffa et al. 1993) . Toxoplasma gondii also affects the ability for long-term mental concentration (Havlíček et al. 2001 ). Drivers infected with T. gondii are more likely to cause traffic accidents (Yereli et al. 2006 , Flegr et al. 2009 ). The influence of latent T. gondii infection on mental diseases has also been studied. researches support the theory that chronic toxoplasmosis may have a role in the aetiology of schizophrenia (Wang et al. 2006 , Cetinkaya et al. 2007 , tamer et al. 2008 ) and obsessive-compulsive disorder (Miman et al. 2010 ). this topic is also discussed in the review of Fekadu et al. (2010) . Furthermore, analyses show some differences in personality and temperament profiles between Toxoplasma-positive and Toxoplasma-negative subjects (Flegr and Hrdý 1994) , especially in case of novelty seeking (Flegr et al. 2000 (Flegr et al. , 2003 (Flegr et al. , skallová et al. 2005 .
To our knowledge, in the studies on the impact of T. gondii infection on cognitive functioning, a diverse battery of cognitive tests has not been used. the aim of this study was to verify the hypothesis that latent toxoplasmosis can influence the cognitive performance using a set of widely recognized neuropsychological tests. For this purpose, a group of volunteers was tested for latent toxoplasmosis, a battery of cognitive tests was performed and the performance of infected and uninfected participants was compared.
MATERIALS AND METHODS

Subjects
A sample of 80 individuals responded to advertisements on the Internet and posters. These individuals were invited to take part in the study. seventy participants completed the study. There were 14 males and 56 females. They were between 21 and 53 years of age, and had completed a minimum of 12 years of education. Participants took a battery of cognitive tests, afterwards the venous blood was sampled for measuring anti-T. gondii igg and igM antibody levels. Anti-T. gondii igM antibody levels were measured to exclude acute T. gondii infection. igM antibody was not elevated in any of the samples. After measuring T. gondii antibody levels we singled out 26 individuals with igg antibody levels above 35iU/ml -seropositive participants. These account for 37% of all participants. For 44 individuals antibody test was negative -seronegative participants. These account for 63%. The average age of seropositive individuals was 31.4 years of age (sD 8.4) and that of seronegative individuals was 24.9 years of age (SD 5.1). Seropositive group contained 6 males and 20 females, seronegative group contained 8 males and 36 females.
Measures of antibody levels
serum antibodies levels against Toxoplasma gondii were evaluated in IgM and IgG classes using Meddens ELISA kits (Meddens Diagnostics BV, the Netherlands) according to the manufacturers' instructions. For the IgM class the assay was performed qualitatively and for the igg quantitatively based on the calibration curve obtained for the standards included in the kit. In IgG antibody class, samples were considered as reactive if antibodies level exceeded 35 IU/ml, equivocal -30-35 IU/ml, and negative below 30 IU/ml. All samples and standards were assayed in duplicate. in all performed assays validation criteria were met.
Cognitive testing
Cognitive function was assessed with a battery of standardized, widely employed neuropsychological tests. The set of tests measured performance in specific domains of interest. The chosen battery was composed of: Trail Making Test (TMT), Stroop test, Verbal Fluency test, Digit span test and N-back test.
TMT was used to assess psychomotor speed (visual motor speed) and working memory. The task requires participants to draw a line connecting 25 serial targets on a sheet of paper. In the first part (TMT A) targets are all numbers (1, 2, 3, etc.), in the second part (TMT B) the subjects alternate between numbers and letters (1, A, 2, B, etc.). the measure of performance is the time needed to complete the test.
To assess cognitive flexibility, the ability to monitor performance and inhibit incorrect automatic responses, which is an aspect of executive functioning, the Stroop Test was employed. During the first part of the test (Stroop Test I), the participant is required to read names of fifty colours printed in black ink, during the second part (stroop test ii) the participant is asked to name the colour of the ink used to print the same names, while the colour of the ink and the printed name of the colour differ. the measure of performance is the time needed to complete the task.
Some aspects of executive functioning were assessed using Verbal Fluency test -letter variant. in this test the participant is instructed to say as many words starting with a given letter as possible (without using proper names) during 60 seconds. The task is performed with three letters: "f", "a" and "s" consecutively. the measure of performance is the number of correctly generated words.
Digit span is a subtest from Wechsler Adult intelligence Scale. Digit Span Forwards (participant repeats series of digits) was used to assess short-term audioverbal memory. Digit Span Backwards (participant repeats series of digits backwards) was used to assess audioverbal working memory. The measure of performance is the number of correctly repeated series of numbers in both parts of the test.
Visuospatial working memory and reaction time were also assessed using N-back test. there is a sequence of digits presented on the computer screen and the participant is required to name the preceding digit while the current one is being pre-sented. the measure of performance is the percentage of correct answers and the reaction time.
Statistical analysis
STATISTICA 9 software package (StatSoft Inc., Tulsa, OK, USA) was used for statistical analysis. For all the assessed parameters, the arithmetic mean, median and standard deviation were calculated. The normality of the distribution of the assessed parameters was verified using the Shapiro-Wilk test. The homogeneity of variance in the study group was assessed using the levene's test. the P value of 0.05 was adopted as the critical level of significance. The statistical significance between the mean values of the parameters with normal distribution and homogeneous variance was tested with the t-Student test. For variables with non-Gaussian distributions or with different variances in the compared groups, non-parametric U Mann-Whitney test was used. For quality parameters we used c 2 test (Yates correction). Multiple linear regression was used to estimate the relationship between serology test result (the independent variable) and each of the cognitive measures (the dependent variables), taking into account such independent variables as age and sex, because of their possible influence on cognitive performance. Serology test result and sex are coded as 0 or 1. In multivariable model of analysis the B-coefficient represents the difference in predicted measures of cognitive functions between seropositive and seronegative participants with adjustment for age and sex.
RESULTS
The study population consisted of 70 individuals, in 26 of them the level of igg antibodies against Toxoplasma gondii was elevated. Their baseline characteristics and median values of cognitive testing results are presented in Table 1 . A statistically significant association between increased level of anti-T. gondii antibodies and a lower score on N-back test (percentage of correct answers) was observed (β −8.08; 95% CI −15.64 to −0.53; p<0.05). After adjustment for age and sex, no statistically significant associations between latent toxoplasmosis and the scores on any cognitive test were noticed (Table 2) . A significant effect of age on cognitive performance was noted for TMT (part A and B), Digit Span -backwards, N-back test -reaction time. A significant relationship between sex and the score on Digit Span was also observed -male subjects performed this test better. Sex-dependent influence of latent toxoplasmosis on cognitive performance was also assessed. Taking into account interaction between toxoplasmosis and sex in their effect on cognitive function, guenter et al.: Toxoplasma gondii and cognitive function [−190.50 to 119.80] 0.95 β-coefficient is the regression coefficient. The first column contains the values of β in the univariable analysis. The next three columns contain the values of β for each of independent variables (multivariable analysis). 95% CI -95% confidence interval for a regression coefficient. In case of TMT, Stroop Test, N-back (time reaction) B>0 means worse score. In case of Verbal Fluency Test, Digit Span, N-back (percentage of correctness) B>0 means better score. *p<0.05; **p<0.01; ***p<0.001. no significant differences were observed. The computed values of statistical power are included in Table 2 . Power analysis, that shows effect of sample size on the power of the test, is presented in Fig. 1 .
DISCUSSION
In this paper our purpose was to ascertain whether chronic, latent, subclinical Toxoplasma gondii infection is related to cognitive performance. No such research using the large battery of cognitive tests to study this kind of association was performed before. However, some studies suggest the influence of T. gondii chronic infection on reduced cognitive functioning. Flegr et al. (2009) described an increased incidence of traffic accidents in T. gondii-infected drivers. the possible reason for this phenomenon is the impaired reaction time noticed in another study (Havlíček et al. 2001) . TMT and N-back test are related to psychomotor speed (strauss et al. 2006) . No correlations between latent toxoplasmosis and performance on these tests were manifested.
There are studies that prove an association between latent toxoplasmosis and schizophrenia, suggesting an involvement of this parasite in the aetiology of this disorder. Elevated anti-T. gondii IgG antibodies level was noticed in patients with first-onset schizophrenia (Wang et al. 2006) . At that time patients were in the chronic stage of infection, which was established by examining the levels of anti-T. gondii igM antibody.
researchers observed some differences in personality and temperament profile between Toxoplasma-positive and Toxoplasma-negative subjects (Flegr et al. 2000 , 2003 , Skallová et al. 2005 . Infected subjects had lower novelty seeking scores in cloninger's temperament and Character Inventory, they also had lower IQ and lower Fig. 1 . Effect of group size on the power of the test. Statistical power (1 − β) is computed as a function of significance level α, sample size, and population effect size (Cohen 1988 , Faul et al. 2007 ).
probability of gaining post-secondary education (Flegr et al. 2003) . Decrease in novelty seeking suggests an influence of chronic infection on neurotransmission, especially dopaminergic transmission. This hypothesis was also studied by observing difference in effect of selective dopamine uptake inhibitor on alterations in mice behaviour induced by T. gondii (skallová et al. 2006) . changes in dopaminergic transmission could explain the influence of T. gondii chronic infection on personality profile and pathogenesis of schizophrenia. However, can this mechanism be responsible for cognitive impairment? Dopaminergic transmission is involved in cognitive processes (schnider et al. 2010 ) the role of connections between prefrontal cortex and striatum and monoaminergic modulation within this circuit has been studied in the context of cognitive flexibility (Kehagia et al. 2010) . Prefrontal cortex is the principal part of the operative memory system which operates optimally within a limited range of dopamine transmission. Areas of prefrontal cortex are engaged in trail Making test part B, Verbal Fluency test, stroop test ii, N-back test (strauss et al. 2006) . A statistically important relationship between latent toxoplasmosis and the cognitive performance in any of these tests was not observed in our study, so we could not confirm that chronic T. gondii infection affects prefrontal cortex-depending cognitive functions.
Another way in which T. gondii chronic infection can influence brain functions is the induction of immunological reaction towards the dormant cysts of the parasite located in the neural tissue. in mice, chronic T. gondii infection acquired during adulthood causes neurological and behavioural abnormalities secondary to inflammation and neurodegeneration (Hermes et al. 2008) . Presence of perivascular and diffuse parenchymal infiltration in frontal cortex and diencephalon has also been noticed. Some changes in host gene expression profiles were observed in human fibroblasts infected by tachyzoites. The capacity of such cells to activate immune responses was also proven (Blader et al. 2001) . However, in this research influence of latent Toxoplasma infection on brain functions is not confirmed.
It was also found that psychological and cognitive responses to toxoplasmosis differ depending on Rh blood group. Studies showed Rh-positive subjects are protected against the T. gondii-induced changes of reaction times ) and increased risk of traffic accidents (Flegr et al. 2009 ). Flegr et al. (2010) described the opposite effects of toxoplasmosis on some personality factors in cloninger's tci questionnaire in Rh-positive and Rh-negative subjects. RhD antigen is present in a majority of the Caucasian population. Rh group of the participants was not marked in this study. However, only 15% Polish population is RhD-negative. taking this data into account, it could be hypothesized that majority of participants in this study is protected against possible cognitive changes induced by toxoplasmosis. This may be also a possible reason why significant differences between T. gondii-infected and T. gondii-free subjects were not observed.
Our study had several limitations. Firstly, there was a disparity of the participant amount in two groups, reflected in a small number of individuals with elevated level of anti-T. gondii IgG antibodies. Low number of participants in the study results in low power of statistical analysis. Another limitation is the average age of participants. some studies noticed that the effect of chronic toxoplasmosis on cognitive functioning and behavioural changes is slow and cumulative (Flegr et al. 2000 , Havlíček et al. 2001 . We studied individuals who were from 21 to 53 years of age; the average age was 24.9 in seronegative group and 31.4 in seropositive group. It would be advisable to study the relationship between latent toxoplasmosis and cognition in older individuals. Moreover, it was impossible in this study to obtain the information about length of infection. there is a lack of simple reaction time test in the battery of cognitive tests, though tMt and N-back test are related to psychomotor speed (strauss et al. 2006) . This makes the comparison with results of other studies of psychomotor speed in patients with toxoplasmosis more difficult. Prevalence of female participants may have also biassed the results.
In conclusion, we obtained no evidence that chronic latent T. gondii infection affects cognitive function. this is the first research assessing this relationship using a battery of cognitive tests examining such complex processes as working memory and executive functions. Although the impact of infection on psychiatric, behavioural and cognitive state was observed in earlier studies, our findings could not confirm that chronic T. gondii infection influences brain function in terms of cognitive dysfunction. This issue requires further evaluation by studies with a larger sample. guenter et al.: Toxoplasma gondii and cognitive function
